Abstract. An attempt was made to predict the average annual hydrologic response (ratio of annual direct runoff to annual precipitation) of ungaged watersheds in the East by regression against 15 planimetric, hypsometric, and land use factors available on 90 selected test basins (2 to 100 square miles) from New York to Alabama. The regression coefficients were nonsignificant indicating that the average percentage of a basin's annual precipitation that will become quick flow cannot be predicted from available basin morphometry and implying that response is controlled chiefly by porous mantle factors not measurable on normal data sources. A hydrologic response map of the eastern United States based on an expanded set of 201 basins up to 200 square miles revealed specific regions of high flood producing potential clearly related to geologic provinces. It is suggested that hydrologic response is a meaningful parameter that may be best derived by measuring precipitation and streamflow by cheap, short-term methods traditionally rejected as uneconomical.
INTRODUCTION
A central and one of the most difficult problems in hydrology is to predict the runoff behavior of the countless small watersheds for which no precipitation or discharge records are available. The manner in which these watersheds handle the precipitation that falls upon them, how much and how fast water appears in the channel as direct runoff, obviously has a direct bearing on the management of water both as a resource and as a threat to human property. The ability to predict, even in general terms, the percentage of the precipitation that is discharged from the headwater areas as storm flow would be of inestimable value in environmental resource planning and would provide insight into the effects, if any, of land use upon the hydrograph. The general objective of this study was to identify storm flow predictors and, more specifically, to provide the nonhydrologist with a technique for mapping flood producing potential based on certain easily measured watershed characteristics. It was further hoped that hydrologic behavior could be mapped at a regional scale to test the techniques and to establish broad patterns of variation in storm flow.
PREDICTION OF RESPONSE
Hydrograph separation. Although the prediction of discharge from basin and precipitation factors seems to have been solved by widely publicized hydrograph simulation programs, the authors felt that such methods, while useful for frequency analysis, were too inaccurate to predict storm flow from individual basins or specific regions. An attempt to establish the relationship between basin morphology, land use, and storm discharge elicits two initial questions: (1) What constitutes storm flow or floodwaters? (2) How does one isolate and identify a reliable set of causative factors that could easily be measured from available data sources ? The first of these problems was solved in this study by using Hewlett and Hibbert's [1967] method of hydrograph separation. To escape the usual subjectivity involved in separation of individual hydrographs, they separated direct runoff (renamed quick flow to avoid confusion with other techniques) from base flow by a line of constant slope (0.05 cfsm/hr) (cubic feet per second per square mile per hour) projected from the beginning of stream rise until it intersects the falling limb of the hydrograph. This technique for separating quick flow from total streamflow was later modified for use on the U. S. Geological Survey's (USGS) mean daily flow summaries [Hewlett, 1967] , with the restriction that it cannot be applied reliably on basins less than 2 or greater than 200 square miles in area. The equation was slightly modified again in this study to include precipitation that may have fallen on the day preceding the beginning of a storm as recognized by a rise in the hydrograph greater than the separation constant ( 
where A is the area of the watershed in square miles, q is the average daily flow in cubic feet per second from USGS records, q 0 is a value of q selected such that the next value q t^ is greater than (q a -12A), and n is the number of days that flow remains above the separation constant 1.2 csm/day. The number 0.03719 is a conversion constant and the equation is valid only for positive values of (q, -q 0 -1.2iA).
The second term (n + 1) (q a -q^) adds a correction to accommodate the situation illustrated in Figure 1 . Definition of response. The separation is carried out by a computer on mean daily discharge secured on tape from the USGS Automated Data Center in Washington, D. C. The number of quick flow events per year varies from 1 to about 30. The quick flows are summed for the year and expressed as a percentage of the total yearly precipitation. In this study, the basin annual quick flow varied from 0.01 to 17.40 inches, averaging 3.90 inches over all years and all watersheds. Hydrologic response is defined as Hydrologic Response = annual quick flow annual precipitation 100
The predictors. The attempt to solve the second problem, that of identifying and quantifying a set of predictors, was based upon the Day Fig. 1 . Diagram illustrating method of computing direct runoff or quick flow from U. S. Geological Survey records using equation 1. assumption that discharge is controlled by three broad categories of factors: (1) precipitation, which in this study is largely accounted for by expressing annual storm flow as a fraction of annual precipitation, as above; (2) basin morphology, including all factors of channelization, topography, lithology, and pedology; and (3) land use, which mostly reflects the vegetal cover factor. The predictor parameters had to be drawn from the latter two categories because detailed rainfall intensities are virtually impossible to associate quantitatively with individual drainage basins. Inasmuch as a strong thread of pragmatism was implicit throughout the project, the choice of parameters was limited. That is, this study was not designed to probe delicate relationships among obscure parameters that are difficult to determine, but rather to identify physical attributes of watersheds that could be easily measured on available maps, yet might readily indicate how the watershed handles its storm precipitation. The statistical vehicle for relating these factors was linear multiple regression. The data fell into two categories: that necessary to determine response in the test areas, the dependent variables, and the independent variables of the basins with which response might be correlated. Hydrologic response appears to be a satisfactory dependent variable because it shows real differences among basins and at the same time is relatively independent of precipitation variables.
Selection of basins. The number of watersheds available for analysis to establish the predictors was limited by the lack of correlative data or by storage and diversions on the watershed. Although precipitation and streamflow are measured on many drainage basins of the eastern United States, the accumulated data are published in separate places by separate agencies; bringing these records together in a single analysis presents a challenge to the hydrologist who wishes to show how precipitation produces streamflow. For example, discharge data are not available for watersheds in a number of physiographic areas that would be desirable to sample. Where discharge data are available, simultaneous precipitation data within the watershed often are not. In a large number of cases the necessity of using precipitation data records some distance from the watershed precluded use of the data because it necessitated a complicated and dubious adjustment. An equally serious handicap is the lack of map coverage at a usable scale. Inadequate coverage of coastal plain areas for instance severely limits study of small watershed behavior in this type of terrain. The necessity of bringing together the above three sets of information about each watershed meant that only 90 test basins from New York to Alabama could be used. These requirements limited the watershed sample in many areas and overemphasized some regions (Figure 2 ). Those areas mapped and studied in the Tennessee River Valley tend to provide the best source of data inasmuch as all three types of data necessary have been collected by the Tennessee Valley Authority (TVA). Watersheds in the mountains of western North Carolina and eastern Tennessee are, therefore, particularly well represented, whereas other areas and types of terrain tend to be underrepresented.
Basin attributes measured. After these criteria were met, the watersheds were traced on acetate film and the morphologic measurements were made from the overlays. Measurements were made of physical watershed characteristics that other workers have considered effective in moderating the rapidity of direct runoff. In essence, these are the 'basin storage' components that hydrologists have sometimes called 'hydrologic depth,' the sum of all factors that transform part of the rainfall into direct runoff and, in the process, delay or accelerate the waters that produce floods. The one main factor not included, however, is a measure of the depth and internal morphology of the porous mantle of the basins. Although this was a crippling omission, it was unavoidable in that so far it has been impossible to measure this factor except on a few small experimental watersheds. It was hoped, however, that mantle depth might be sufficiently manifested in some other parameter so as to be indirectly included in the correlation. Qualitative variables, such as soil type and intensity of land use, were avoided.
The basin attributes measured can be considered to be either planimetric or hypsometric. Among the former, the number and total length of streams per order and drainage density were determined for each watershed. Drainage density has been used extensively in hydrologic and geomorphic studies and has for some purposes been found to be a sensitive parameter summarizing morphologic differences of watersheds under varying topographic conditions.
The other attribute almost universally considered to be an important control of direct runoff is slope. The simple relationship between increased channel slope and peak discharge, like that of drainage density, has also not only been intuitively recognized but supposedly demonstrated empirically and experimentally. These studies, it should be emphasized, related peak rates of flow and basin attributes; this study appears to be one of the first to attempt to predict storm flow volumes from basin parameters.
The multiplicity and complexity of valley and channel slopes within a drainage basin and the difficulty of objectively and consistently measuring them from the topographic maps poses a great problem in using slope as a predictor of quick flow. Toward this end, however, elevations in each watershed were recorded for the highest point, the lowest point, and the divide at the head of the basin axis, on the axis 10% and 85% up from the stream gage and at 60% of the distance along the axis. From these data the following values were derived: total basin relief, slope of the main channel, slope of the axis, and slope of both the axis and the main channel between 10% and 85% of the distance upstream from the gaging station.
The elevation of the contour crossing the channel 0.6 of the distance upstream from the gaging station 'was recorded to allow the use of Table 2 .
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the hypsometric integral as another indicator of slope characteristics within the basin. The tedious and complicated method to derive a precise value as suggested by Strahler [1952] was precluded by the criterion of simplicity demanded by the study; however, Chorley's simplified method [Charley and Morley, 1959] seemed applicable. Inasmuch as Gergel [1965] had shown that Chorley's short method did not yield values statistically different from those derived by Strahler's method," the hypsometric integral was regarded as a potentially valuable predictor. Chorley approximates the integration of basin relief by dividing the vertical distance from the basin mouth to the contour that halves the basin area by the total relief from mouth to highest ridge. The result is multiplied by a constant 0.977. This method assumes that the contour crossing the axis 0.6 of the distance up the axis equally divides the basin area. Basin shape also has been considered a morphologic attribute significantly affecting the peak discharge of large basins and perhaps also the volume of storm flow. However, no study appears to have established a clear relationship betwen basin shape and peaks or volumes. Accepting the relative failure of previous workers in establishing a relation between shape and the hydrograph, it was still considered worthwhile to test basin shape as a predictor of storm discharge. Toward this end a simple ratio of miles of basin area per mile of axis was devised, the assumption being that as the basin became elongated the ratio would decrease. Although crude, this measurement had the advantage of being computed from measurements already acquired for other purposes.
Finally some assessment of basin vegetal cover or land use was included in the list of attributes .that might indicate infiltration and discharge capacities of a basin. In a number of single watershed studies, land use has been related to storm discharge. It should be noted, however, that Hewlett [1967] found that the effect of land use on average quick flow, considered from a regional standpoint, was smaller than expected and that average annual response was more related to geology than to land use. These findings are also supported by Hely and Olmstead [1963] . To maintain consistency, and again to establish a procedure that could take advantage of readily available data, land use was estimated from the TJSGS 1:24,000 topographic sheets as percentage in forest, urban, or open field. It was recognized that possible correlation with storm flow might be suppressed because of discrepancy between dates of maps and period of discharge but no alternative data source was available. In effect it was assumed that either land use changed little throughout the period of study or that the USGS quadrangles represented an average cover condition over the study period. Two other characteristics of land use patterns that were desirable, but too difficult to measure, were the degree of fragmentation of land use and the location of various cover types with respect to the channel network. That is, it is conceivable that significant factors in the rate of storm flow from a basin might be location and size of land use units, rather than simply the total amount of a particular type of use. These refinements of the land use factor, however, would have complicated the measurements beyond the limits set by the objectives of the study.
Independent variables. From these three types of basin parameters (stream network, slope, and cover) 15 variables and various transformations were generated. The 15 basin variables are listed and defined as: Table 1 contains the means and standard deviations of the basic variables used in the regression analyses, including the dependent and the precipitation variables. Annual basin precipitation P was computed as an arithmetic mean of the nearest two or three Weather Bureau cooperative rainfall stations; average annual precipitation {P) was computed from the number of years of streamflow record secured for that basin, usually about 14 consecutive years. There were in all 1253 cases representing individual water years of data from 90 basins from New York to Florida and Alabama (Figure 2 and Table 2) .
STATISTICAL ANALYSIS
Correction for basin area. Preliminary analysis of the 90 basins, plus the prior experience of Hewlett [1967] with 55 basins in Georgia, indicates that some of the total variation of hydrologic response is due to the area of the basin. This comes about because of two factors that influence the amount of direct runoff estimated by the arbitrary flow separation method used. One, the volume of quickflow V yielded by the headwaters becomes attenuated as it travels downstream, a fact not entirely accounted for, even on basins less than 100 square miles, by hydrograph separation based on a slope of 1.2 cfsm per day. Thus quick flow appears to be reduced as the hydrograph is separated on larger and larger basins. Two, larger basins are seldom covered entirely by the intense storm cells that sometimes produce flood waters on the smaller basin. This again results in smaller quick flows per square mile on the larger basin. These two factors combine to reduce separated storm flow from a value ac- curately reflecting source-area response on a 20-square-mile basin to zero on a basin the size of the Mississippi. Fortunately, however, the effect is small on basins from 2 to 100 square miles in area.
Because the study's objective was to map the response of all the small tributaries of the large basin, rather than merely to map the response measured at one point on a major stream, it was decided to follow Hewlett's method of correcting response for area. An alternate way would be to determine the average relation between area and the separation constant and to adjust the separation slope to fit the size of the basin, but this seemed more cumbersome than correcting the raw hydrologic response ratios for area. Therefore, the annual basin response values, 1253 of them, were regressed against area A, from which a correction coefficient was derived
The coefficient differs from zero at the 0.05 level of significance but the variable A accounted for only 1% of the total variation in V/P. There was good agreement between the numerical value of the coefficient from this set of 90 basins and the coefficient calculated from Hewlett's set of 55 basins in Georgia; his coefficient (0.00027) was significant at the 0.01 level and accounted for 10% of the total variation in V/P. However, the Georgia basins varied from 0.7 to 207 square miles, a 300-fold range in size, allowing more opportunity for attenuation of the hydrograph to express itself in the separated quick flow. The similarity in the numerical value of the coefficient suggests that a small but useful stability exists between area and hydrograph attenuation. On this basis, response ratios were corrected by equation 3, and hereafter mean basin response (V/P) denotes corrected mean basin response.
Data transformation. Various transforms of the dependent variables V, V/P, and (V/P) were generated and regressed on some 50 independent variables and their transforms using the stepwise regression program published by the University of California at Los Angeles and designated BMD02R. None of the more remote transforms, differences, ratios, and power functions suggested any better approach than a multiple linear analysis of the variables listed in Table 1 .
To be sure that significant relationships were not suppressed by using the ratio V/P rather than annual quick flow itself, regressions were run with V, its square, and its square root as dependent variables, in turn. About 25% of the total variation in annual quick flow was accounted for by annual precipitation variables (R 2 = 0.25), and no basin parameter, not even area, provided any significant reduction in variation. We concluded that a range in basin size from 2 to 100 square miles, a 50-fold range, was insufficient to allow expression of area as a factor in determining quick flow by the constant slope method.
Results of regression analysis. The results of the exhaustive regession analysis of mean basin response (V/P), exhaustive, that is, within the limits of the data, were totally negative. No single basin variable nor any combination of variables accounted for more than 2% or 3% of the total variation in corrected mean basin response (V/P). Correlations did not even approach significance. While not unexpected, we had not anticipated such an unequivocal rejection of the hypothesis that hydrologic response is dependent on easily measured planimetric and hypsometric parameters of the watershed.
The rationale behind the project, as originally structured, was that the behavior of the ungaged watershed could be interpreted by correlation analysis of the hydrograph and basin parameters derived from the relatively few watersheds for which maps, precipitation, and streamflow records were available. A considerable part of the attractiveness of such an approach was its practicality in that some tangible value might be derived from the large amount of hydrologic data so painstakingly gathered and stored by federal agencies.
HYDROLOGIC RESPONSE MAP
The inability to identify any reliable or significant predictor of hydrologic response by statistical analysis of basin parameters negates the primary objective of the study. However, these negative results, considered in the light of the response map of the eastern United States (Figure 3) , force certain alternative conclusions regarding the whole problem of flood source mapping. The map was based upon the average response values computed for 201 stations including 78 of the original 90 stations in Table 1 (Figure 4 and Table 3 ). The distinct regional pattern depicted on the map (Figure 3 ) indicates that average annual response is not a random, meaningless parameter but is controlled by factors having a definite regional or geologic homogeneity. Although genetic relationships can only be inferred, a few of the more obvious features of this pattern might be noted.
The general tendency for response patterns to parallel the trend of major topographic and lithographic features, sudden and distinct changes in response .values along boundaries of physiographic provinces, and islands of high response in the Ohio valley, all suggest a more than coincidental relationship with a combination of storage factors that were not assessed by the basin parameters used. It should be noted that the intricacy of patterns in certain areas, for instance in western North Carolina, may not reflect a peculiarity of that region alone but only the larger number of values on which to base a detailed pattern. Other areas may be equally as complex if a larger number Table 3 . of stations were available on which to base the isolines. In this respect, it is also true that the pattern is affected by the scale of the map.
PERCENT OF PRECIPITATION
In several instances, a local anomaly results from a single basin whose response to precipitation is aberrant because of some storage peculiarity of the watershed or of the data. The spot of high response in central Alabama is such a situation, overemphasized perhaps by the inability to show this 5-square-mile watershed in true scale. In a similar manner, experience with small watersheds in the southern Blue Ridge has indicated that small basins above 4000 feet elevation are particularly 'flashy,' with mean response values upward of 20% [Hewlett, 1967] . The intricacy of pattern that would accompany an increase in map scale sufficient to show these basins would not negate the generalizations of distribution apparent in Figure  3 . Nor would such an increase in focus deny the assumption that variations in hydrologic response are not capricious but reflect a complex of physical factors that we and other workers have failed to assess. Our failure may be the result of trying to simplify the response to a mean factor to allow broad application of the hoped for predictors. For example, if enough data were available, analysis of the larger storm flows should yield significant correlations with land use and perhaps with morphologic factors. Unfortunately, the needed data on individual storm events are very scarce; a second phase of this study will attempt to assemble as much as is available. A number of small watershed and numerous plot studies have related morphometric and land use conditions to storm flow production (usually, however, in terms of peak discharge only), yet the same or similar parameters used in our sample of 90 widely spaced watersheds have failed to demonstrate any clear relationship to average storm flow or hydrologic response. A current study by Hewlett and Helvey [1969] shows a definite effect of forest clearfelling on storm flow (quick flow) generated by a 108-acre southern Appalachian basin. Averaged over 30 large storm flows following forest felling, the individual storm response factors were increased from about 0.40 to 0.44 and the quick flows were increased an average 11%. Many other small plot and basin studies show even larger effects of land use changes on the larger storm flows, but such effects are apparently damped out in our study of mean basin response, which in essence is an overall index of the storm flow potential of source areas. The authors believe that mean basin response, as opposed to the individual storm response, reflects the fundamental effect of lithology on the production of floodwaters by the watershed.
CONCLUSIONS
The results at hand suggest that the measurements of streamflow and precipitation in the humid East, and perhaps elsewhere, may offer the best and cheapest way to establish a regional pattern of flood potential and man's gradual influence on it. The lack of significant correlation between basin parameters and storm flow in this and in many other regional studies [Benson, 1962; Potter, 1953; Morisawa, 1962] suggests that the response of the basin to actual rainfall may be the only accurate indicator of basin storage capacity we can devise without some unlikely breakthrough in measuring 'hydrologic depth' of watersheds.
The cost of a rainfall-runoff approach will seem prohibitive to many hydrologists, but these authors wonder if the cost of temporary gaging of precipitation and streamflow has not been exaggerated by: (1) the separation of the two functions in different agencies, (2) too early standardization of instruments and gaging methods that traditionally imply long-term, expensive installations for general purposes, rather than short-term, minimal gaging for specific purposes, and (3) failure to assign priority to the development of inexpensive totalizing gages that will yield monthly or seasonal values for a basin without frequent servicing. Statistical techniques are available to develop detailed maps of hydrologic response from a network of roving gages, planned to collect 6 months or a year of storm flow data from a large number of 20-to 100-square-mile basins in a region. The instruments, the network, and the specific objectives ought to be designed together to assure the most hydrologic information for the least cost and at the same time to avoid collecting overly detailed or precise data where it is not needed. Such a program might be initiated and terminated at any time without reducing the value of data already collected. 
